We report an optical homogeneous linewidth of 580 ± 20 Hz of Er 3+ :Y2O3 ceramics at millikelvin temperatures, narrowest so far in rare-earth doped ceramics. We show slow spectral diffusion of ∼2 kHz over a millisecond time scale. Temperature, field dependence of optical coherence and spectral diffusions reveal the remaining dephasing mechanism as elastic two-level systems in polycrystalline grain boundaries and superhyperfine interactions of Er 3+ with nuclear spins. In addition, we perform spectral holeburning and measure 5 s electronic spin lifetimes. These spectroscopic results put Er 3+ :Y2O3 ceramics as a promising candidate for telecommunication quantum memories and lightmatter interfaces.
I. INTRODUCTION
Quantum light-matter interfaces connecting optical and spin degrees of freedom are important building blocks for quantum interconnect technologies. Their potential applications include optical quantum memories [1] for long-distance quantum networks [2] , opticalmicrowave quantum transductions [3] , and nanoscopic quantum sensing [4] . A strong material candidate of quantum light-matter interfaces are rare-earth ion doped solids. The shielded 4f-4f intrashell transitions of rareearth dopants give rise to exceptionally long optical and spin coherence lifetimes [5] [6] [7] [8] [9] .
In particular, erbium (Er) is a paramagnetic ion with a half-integer spin (Kramers ion) with an optical transition in the low-loss telecommunication C-band around 1535 nm. When doped into host matrices with low magnetic noise, exceptionally narrow optical homogeneous linewidth (Γ h ) of 73 Hz [8] and a long hyperfine spin coherence time of 1.3 s [9] have been measured in Er 3+ :Y 2 SiO 5 and 167 Er 3+ :Y 2 SiO 5 , respectively. The telecom-fiber compatibility paired with long-lived coherence makes Er an appealing choice for realizing quantum memories in a fiber-based quantum network, as it eliminates the need for photonic frequency conversion. Furthermore, Er has a large gyromagnetic ratio, up to g=15 in Er 3+ :Y 2 SiO 5 [10] and g=12 in Er 3+ :Y 2 O 3 [11] , which allow efficient coupling to microwave fields for microwaveoptical transduction or coupling to other magnetic targets for sensing applications. On the other hand, the strong magnetism of Er imposes significant challenges to attain long coherence lifetimes due to significant interactions with other Er ions, phonons, and impurities in the host. Consequently, previous results of long coherence lifetimes were mostly obtained by applying a very large field of a few teslas to strongly suppress these interactions [8, 9] . Alternatively, adverse Er-Er spin flip-flops and Er-phonon interactions can be suppressed by freezing Er electronic spins at dilution temperatures. This * Corresponding author: tzh@uchicago.edu latter technique has been applied to Er 3+ :LiYF 4 [12] and Er 3+ :Y 2 SiO 5 single crystals [13] .
Compared to Er 3+ :Y 2 SiO 5 which has been well studied in the literature [8, 14] , Y 2 O 3 is another promising host material for Er with low nuclear magnetic moments. One advantage of Y 2 O 3 is its simpler chemical composition and lattice structure, which allows synthesis of micro/nano-structured Y 2 O 3 in different topologies using bottom-up approaches [15] , such as thin films [16] , nanoparticles [17] , and ceramics [18] , with increasingly good control of the material volume, particle sizes, and doping concentrations. Furthermore, rare-earth doped Y 2 O 3 has already shown promising coherence characteristics. For instance, near radiatively-limited optical homogeneous linewidth of Γ h =760 Hz was reported in single crystal Eu:Y 2 O 3 [19] . Additionally, Γ h =85.6 kHz has been reported for nanoparticles [20] and Γ h =4 kHz for transparent ceramics [21] . Recently, a narrow inhomogeneous linewidth of 430 MHz and Γ h =11.2 kHz in the telecom band have also been demonstrated in Er 3+ :Y 2 O 3 [18] . To ascertain the full potential of Er 3+ :Y 2 O 3 for quantum technologies, an in-depth coherent spectroscopy at dilution temperatures is thus desirable. An understanding of dephasing mechanisms in Er 3+ :Y 2 O 3 will also provide insights for optimization of the synthesis processes to realize materials with tailored quantum characteristics.
In this work, we measure optical coherence properties of the 4 I 13/2 (Y 1 ) → 4 I 15/2 (Z 1 ) telecom transition in transparent Er 3+ :Y 2 O 3 ceramics in the <100 mK temperature regime and obtain the narrowest optical homogeneous linewidth measured so far in rare-earth doped ceramics of 580 Hz at an applied magnetic field of 0.7 T. The measured transition shows a slow spectral diffusion of ∼2 kHz over 1 ms. We systematically investigate field, temperature dependence of Γ h and spectral diffusions to determine the dephasing mechanisms, and quantify the remaining broadening due to coupling to elastic two-level systems (TLS) and nuclear spins. We also measure long Er electronic spin lifetime of 5 s with spectral hole burning, from which we conclude the negligible contribution of phonons. Our results of sub-kilohertz optical linewidth arXiv:1911.05058v1 [physics.app-ph] 12 Nov 2019 with a slow spectral diffusion of Er 3+ :Y 2 O 3 demonstrates a significant potential of this material for telecommunication quantum technologies.
II. EXPERIMENTAL METHODS
The material under study is transparent 20 parts per million (ppm) doped Er 3+ :Y 2 O 3 ceramics, with dimensions of 9.5 mm x 3 mm x 1.7 mm. This material is made by sintering Er 3+ doped Y 2 O 3 nanoparticles (40 nm) in the following way. The nanoparticles are pressed into a pellet in a steel die at approximately 8 Klbs force. This pellet is isostatically pressed at 25 Kpsi in a latex iso-pressing sheath at room temperature, followed by sintering at 1500°C in air for 2 hours. The pellet is then hot isostatically pressed at 1490°C for 16 hours at 29 Kpsi under an argon atmosphere in a graphite furnace. The pellet is buried inside Y 2 O 3 powder during HIP to reduce carbon contamination which comes from the graphite furnace. The surface of the sample is polished with a roughness of about 5 nm. This resulted in polycrystals with an average cross-sectional grain size of 0.3 µm 2 . Further details of the sample and manufacturing process are outlined in [18] .
A fiber-coupled telecom diode laser (Toptical CTL 1500) was used for optical measurements. Two cascaded fiber-based acousto-optic modulators (AOM) at 200 MHz each were used to modulate the frequency and intensity of the laser, giving a 100 dB extinction ratio. The light is sent through a fiber-based circulator, which separated the input and output light from the sample.
The sample was mounted on the mixing chamber stage (MXC) of a dilution refrigerator, and a 3-axis nanopositioner was used for sample optical alignment. Two copper clips were used to secure the sample on a copper stage for increased thermal conductivity. The light exiting the fiber was focused onto the sample with an aspheric doublet, down to a spot size of 12 µm, and reflected off the gold-coated sample stage and back into the fiber. This created a double pass configuration through the sample. The percentage of the light exiting the fiber to the light collected back by the fiber was about 30 %. A superconducting 6-1-1 T vector magnet was mounted around the sample. Because the sample is ceramics and has no preferred crystallographic directions, the magnet was operated only along one (6 T) axis.
For lifetime measurements, photoluminescence (PL) was detected by sending a 1.5 µs excitation pulse, gated by two AOMs, and the reflection detected by a superconducting nanowire single photon detector (SNSPD). The dark count rate of the SNSPD was measured to 50 ± 10 Hz, and the detector efficiency was about 80%. For absorption spectroscopy, the light was sent to the sample without AOMs, and the reflection was measured with a photodiode.
For optical coherence spectroscopy, two pulse and three pulse photon echoes with heterodyne detection was used.
The light before the AOM was split with a fiber-based 50:50 beamsplitter, and one path was sent through an AOM and to the sample, while the other path was used as the local oscillator (LO). The reflection from the sample and the LO was recombined with another 50:50 fiberbased beamsplitter, and the beating at 200 MHz was observed with a photodiode. A variable attenuator and polarization controller was used for the LO path to optimize the echo intensity. Figure 1 (a) shows the energy diagram for the 4 I 13/2 (Y 1 ) → 4 I 15/2 (Z 1 ) optical transition in the C 2 crystal symmetry site. Application of a magnetic field splits each of these crystal field levels into two Zeeman levels. The g-tensor for Er 3+ :Y 2 O 3 crystals was measured in [11] . For polycrystalline ceramics, the Er ions are randomly oriented, and thus experience different gfactors. We see this in the broadening of the inhomogeneous linewidth with applied magnetic field, as shown in Fig. 1(b) . Groups of ions with different g-factors spread out in the frequency domain, due to a distribution of |g g − g e | values. For the remainder of this paper, we measure optical coherence and spin lifetimes at frequencies corresponding to maximum optical absorption, as indicated by the black line in Fig. 1(b) .
III. RESULTS

A. Optical absorption spectroscopy
The zero-field absorption spectrum for the Y 1 -Z 1 transition is shown in Fig. 1(c) . This yielded a center frequency of 195227.0 GHz and a peak absorption of 87% for an effective crystal length of 3.4mm, corresponding to an absorption coefficient of 3.0 cm -1 . The zero field optical inhomogeneous linewidth was 610 MHz full-widthat-half-maximum, which is an order of magnitude narrower than those reported in similar europium doped ceramics [22] , and still narrower than previously reported Er 3+ :Y 2 O 3 single crystals [5] . This indicates low disorder and high purity of the ceramics.
The oscillator strength f is given by [23, 24] 
where 0 is the vacuum permittivity, e is the electron charge, m e is the electron mass, c is the speed of light, n is the index of refraction, N is the number density of the dopant, and α is the absorption coefficient. Given α(ν) measured in Fig. 1 (c) and the index for Y 2 O 3 at 1535 nm n=1.9, we calculate f = 2.9 * 10 −7 . From this, we calculate the spontaneous emission time T spon for the Y 1 -Z 1 transition using [25] : which gives T spon = 34.2 ms. Figure 1 (d) shows a PL decay integrated over ten seconds. The plot is fitted to a single exponential, yielding an excited state lifetime (T 1 ) of 7.3 ms. We confirmed that reabsorption of emitted photons due to large optical depths was not causing lengthening of the lifetime, by measuring the lifetimes at detuned frequencies where the optical depth was lower. From the measured optical lifetime, we obtain a branching ratio for the Y 1 -Z 1 transition as T 1 /T spon = 0.215.
B. Optical coherence
We measure the optical coherence using two-pulse photon echoes width heterodyne detection. The π pulse was 500 ns long. The inset of Fig. 2 shows typical photon echo decays at various applied fields, along the black line in Fig. 1(b) . At all fields, we observed non-exponential decays, which we fit with the Mims decay [26] 
where τ is the delay between the two pulses, x is the parameter describing spectral diffusion, and T M is the phase memory time. From the fit, we extract the effective homogeneous linewidth as Γ h,ef f = 1/(πT M ). The narrowest linewidth of 580 Hz was observed at 0.7 T.
To determine the dephasing mechanisms, we break down the contributing factors to Γ h as:
Γ pop is the contribution from the excited state radiative lifetime. This gives Γ pop = 1/(2π * T 1 ) = 21.8 Hz, a negligible contribution to the overall linewidth. Γ ion−ion includes contributions from two factors. One is instantaneous spectral diffusion (ISD) due to strong optical excitations that can abruptly change the local environment [27] . This would cause dephasing with increasing power of the second pulse π. However, we saw no power dependence of the linewidth, suggesting that ISD does not contribute. Furthermore, previous work on a similar sample has shown no change in the linewidth between 2.0 ppm and 11.5 ppm doped samples, further indicating that ISD does not contribute [18] . The second contribution to Γ ion−ion is the resonant Er-Er flip-flops [28] . From Fig. 1(b) , we saw minimal population in the upper Zeeman state at B>0.1 T. Due to thermal depopulation of the upper Zeeman state, we expect the dephasing from Er-Er flip-flops to be small. Γ ion−spin includes dephasing due to the superhyperfine interaction of Er 3+ with Y 3+ nuclear spins, and is often the limiting dephasing mechanism, known as the superhyperfine limit [12] . This contribution is usually small, owing to the low nuclear magnetic moment of Y 3+ , and the large magnetic moment of Er 3+ creating a frozen core of yttrium whose flipping rates are significantly slowed [12] . Since the magnetic noise of Y 3+ is independent of field, the characteristic of the superhyperfine limit is a saturation of the homogeneous linewidth beyond a certain field. Γ ion−spin also includes contributions from hyperfine interactions between the 167 Er 3+ (22.8% natural abundance) electron spin and its nuclear spin of 7/2 . Additionally for ceramics, there may be magnetic impurities added during the manufacturing process that could increase Γ ion−spin . Γ T LS is the dephasing that arises from fluctuations in the local environment (e.g. magnetic, electric fields) due to tunneling between two configurations with similar energy, known as tunneling two-level systems (TLS) [29, 30] . For Er-doped systems with TLS, two types of TLS have been observed [31] . One is the elastic TLS modes, which are independent of magnetic field. An-other is the coupling between the large anisotropic magnetic moment of Er and the elastic TLS modes, facilitated through elastic-dipole interactions [32] , which we refer to as magnetic TLS. Magnetic TLS noise is expected to decrease with applied magnetic field, as opposed to elastic TLS which is field independent [31] . Γ T LS is often the dominating contributor in amorphous solids [21, 33, 34] , although to a lesser degree in ceramics as compared to glasses. Effects of TLS has been observed in other ceramics [22] , and is likely contributing to this material as well. Γ phonon includes dephasing from three primary phonon scattering processes: the direct one-phonon process, and the two-phonon Raman and Orbach processes [14, 35] .
C. Field dependence of Γ h
Γ h at increasing magnetic fields along the maximum absorption line are plotted in Fig. 2 . We observed a decrease in linewidth from 12.5 kHz at zero field, to a minimum of 580 ± 20 Hz at 0.7 T. The uncertainty is extracted from the fit as one standard deviation. The linewidth does not change at higher fields. The reduction of Γ h with field is indicative of decrease in both Er-Er flip flops and magnetic TLS. The subsequent saturation of Γ h is indicative of both the superhyperfine limit and elastic TLS. The measured homogeneous linewidth of 580 Hz is about an order of magnitude narrower than previously measured transparent ceramics [18, 21] , though it is still broader than the T 1 -limited value of 22 Hz.
Between magnetic fields of 0.01 to 0.1 T, we observed periodic modulations in the echo amplitudes with τ . These oscillations decreased in amplitude and increased in frequency as the field was increased from 0.01 to 0.1 T. Two pulse echoes done on Er 3+ Y 2 SiO 5 show similar oscillations below 0.1 T [28] . These strong oscillations prevented accurate fitting and extraction of x parameter and T M .
D. Temperature dependence of Γ h
To further investigate the dephasing mechanisms, we measured the temperature dependence of homogeneous linewidth at 0.1 T and 0.7 T, as shown in Fig. 3(a) and (b), respectively. At temperatures under 1 K, we see a linear increase of linewidth with temperature, characteristic of TLS being the dominating dephasing mechanism [29, 30, 36, 37] , without any increasing contributions from phonons. At higher temperatures (>4K), non-linear behavior attributed to phonon scattering processes would be expected [18] , but we did not measure in that temperature range due to limitations of our setup. Note that below 100 mK, we see a slight non-linear plateau. This is likely due to the saturation of linewidth caused by coherently coupled TLS pairs [38] , which dominate once the temperature falls under 100 mK where phonon scattering is very weak. It is also possible that the thermal conduction between the sample and the MXC is reduced at these temperatures, so the actual temperature of the sample deviated from the MXC temperature.
We perform a linear fit in Fig. 3 (excluding the points below 100 mK), according to:
where Γ 0 is the linewidth at 0 K. We obtain fit parameters of Γ 0 = 4.8 kHz and α T LS = 7.8 kHz/K at 0.1 T, and Γ 0 = 320 Hz and α T LS = 3.6 kHz/K at 0.7 T. We first note that the TLS coupling α T LS is half at the higher field. The reduction in α T LS is likely due to a reduction of magnetic TLS, which have been seen in similar systems [38, 39] . Some TLS couples to the strong dipole moment of Er, and the subsequent application of magnetic field decouples the two energy levels that constitute the TLS. This leads to lower tunneling rate, thus reducing the magnetic noise caused by TLS. We also note that Γ 0 = 320 Hz is thus the linewidth in the absence of TLS. 
E. Spectral Diffusion
To determine the temporal dependence of the linewidth, we investigate spectral diffusion using stimulated photon echoes (three pulse echoes). Three identical 300 ns pulses were sent, with a delay between the second and third pulse we denote as the wait time T w . The delay between the first and second pulse τ was varied to extract the coherence time for a given T w .
Spectral diffusion caused by spin flips and TLS is described by
where Γ 0 is the homogeneous linewidth in the absence of spectral diffusion, γ SD is the broadening due to magnetic spin flips, R is the spin flip rate, γ T LS is the TLS coupling strength, and t 0 is the minimum measurement timescale, which is 10µs. Here we take into account the contribution to spectral diffusion from the superhyperfine/hyperfine spin flips, indicated by the exponential term [14] , and from TLS, given by the logarithmic term [33, 34, [40] [41] [42] .
We use Eq.(6) to fit the three pulse echo decays, and the data and fit at B = 0.5 T is shown in the inset of Fig. 4 . We obtain fit parameters of γ 0 = 0.6 ± 0.1 kHz, γ SD = 1.8 ± 0.2 kHz, R = 4.0 ± 0.2 kHz, and γ T LS = 0.11 ± 0.01 kHz. At B = 0 , the fit parameters were γ 0 = 22 kHz, γ SD = 2.0 kHz, R = 4 kHz, γ T LS = 20 kHz. We see that γ SD kHz and R remain nearly constant for all fields, consistent with our expectations of the magnetic field independence of superhyperfine and hyperfine interactions. The reduction in γ T LS is likely due to a reduction of magnetic TLS, as evident from the temperature dependence study. We saw no significant change in the diffusion rate with further increase in the field beyond 0.5 T. We also note that our γ SD and γ T LS at B = 0.5 T are about an order of magnitude smaller than those measured in Eu 3+ :Y 2 O 3 ceramics [21] , mostly due to a significantly lower temperature in the current measurement.
Next, we consider the x parameter obtained from the Mims fit of the two pulse photon echo decays, which describes spectral diffusion. For all magnetic fields, x was approximately 1.2-1.3. Previous studies on Er-doped glasses that have shown decoherence dominated by TLS reveal x parameters equal to or less than 1 [43, 44] . Meanwhile, crystalline Er 3+ :Y 2 O 3 at the superhyperfine limit has shown x=1.4 [5] . Therefore, it is probable that x=1.2 arises from a combination of dephasing due to TLS and Er-Y superhyperfine interactions, and the linewidth beyond 0.7 T is limited by both mechanisms.
F. Spectral Hole Lifetime
The spectral hole lifetime was measured using hole burning, as a function of applied magnetic field. A hole was burnt using a long burning pulse of 20ms, shaped by an AOM. After some delay, a frequency sweeping probe pulse was sent to measure the amplitude of the hole. The decay of the hole was fitted to an exponential decay, and the decay constant was extracted to obtain hole lifetimes as shown in Fig. 5 .
We see two distinct exponentials, one fast decay for wait times less than 8ms, and a slower decay for longer wait times. We attribute the faster decay to the optical T 1 , and the slower decay to the electronic spin lifetime. This latter lifetime is plotted against magnetic field in Fig. 5 . We see a small increase in lifetime below 0.2 T field. This is the regime where the electron spin cross-relaxation has been slowed, and the phonon density is still low. As field increases to intermediate values of 0.2-0.6 T, the phonon density increases, suppressing the lifetime. Above 0.8 T, the lifetime increases as phonon density is suppressed and the electron spins are frozen. Above 1 T, the hole lifetime plateaus, as the superhyperfine cross-relaxation dominates, which is a field-independent process. This relation is similar to previous studies on Er 3+ :Y 2 SiO 5 [9] .
A theoretical phonon density curve is overlaid in Fig.  5 . The density of states is estimated as black-body radiation with the frequency of the phonons equal to the ground state Zeeman splitting. The mean ground state gfactor g g = 6.9 is calculated by taking a spherical average over the 6 equivalent C 2 sites, given g-factors measured in [11] . For these measurements, we estimate that the temperature of the ions is T = 0.5 K. The increased temperature is likely due to the strong 20 ms burning pulse, which causes noticeable heating of the sample. We measured the absorption spectrum under similar conditions, and at B = 0.1 T, we saw about 40 % of the population in the upper Zeeman state, from which we estimate an actual temperature of 0.5 K. 
G. Summary of dephasing mechanisms
Here, we provide a summary of the dephasing mechanisms uncovered by the various experiments. At low magnetic fields, there is a combination of dephasing due to TLS, Er-Er interactions, Er-Y interactions, and phonon scatterings. The application of magnetic field above 0.7 T effectively suppressed the optical dephasing from Er-Er flip-flops, magnetic TLS and phonons.
For ceramics with such a narrow linewidth, it's plausible that charges on the boundaries between crystallite grains contributes some Stark broadening to the homogeneous linewidth. The Stark broadening was significant in Eu-doped nanoparticles in [17] , where they estimated a few kHz broadening from the Stark shift from charges on the surface of the nanoparticles. Following the same methods as [17] to calculate the possible contributions from charges on the grain boundaries given sub-micron sized crystallites, we obtain tens of kHz of broadening. Because of this, we rule out Stark broadening due to charges on crystalline boundaries.
For the remaining linewidth of about 550 Hz above 0.7 T (after subtraction of T 1 contribution), from the results of Fig. 3(b) , we attribute approximately 230 Hz to elastic TLS. We are left with 320 Hz for Er-Y superhyperfine interactions and possible 167 Er hyperfine interactions. Part of the superhyperfine interactions could come from the frozen core, where the large magnetic moment of Er slows the flipping of nearby yttrium nuclear spins.
IV. DISCUSSION
The understanding of relevant dephasing mechanisms inform further works to extend the Er coherence lifetimes.
With refined synthesis processes, Er 3+ :Y 2 O 3 ceramics with larger grain sizes (e.g. on the order of a few microns) could yield much narrower linewidths as dephasing experienced by ions far from TLSs on the grain boundaries is reduced. An isotopically purified version of this sample with 167 Er would allow us to potentially attain long spin coherence lifetimes by performing spin initialization into a non-Boltzmann hyperfine state and suppressing noise due to nuclear spin cross-relaxations [9] . The presence of phonon couplings as evident in spectral hole lifetimes in Fig. 5 indicates that phononic band-gap engineering can be used to suppress the phonon density of states in ceramics at spin resonance frequencies [45] .
The sub-kilohertz Γ h , low spectral diffusion, and long spin T 1 qualifies Er 3+ :Y 2 O 3 ceramics materials for atomic frequency comb (AFC) memories [46] . High storage efficiency and long storage time in the AFC scheme requires that the hole-burned spectral features stay narrow throughout its storage time, which remained difficult to achieve and has been limiting the AFC memories based on Er 3+ :Y 2 SiO 5 to date [1, 13] . Similar requirements also apply to controlled reversible inhomogeneous broadening (CRIB), or gradient echo memories [47] , for which a sustained narrow optical Γ h and long spin T 1 in Er 3+ :Y 2 O 3 ceramics are advantageous for realizing high performance telecom memories.
We also consider this material for use in single ion quantum devices.
Optically addressable single neodymium (Nd 3+ ) [48] and Er 3+ [49] ions in bulk crystals coupled to nanophotonic cavities have been demonstrated. Main limitations in current systems are significant decoherences for ions in proximity to the crystal surfaces and non-optimal alignment of ions with the photonic cavity fields. The use of sub-micron-sized ceramics crystallites could potentially address these issues, for instance, by embedding a Er 3+ :Y 2 O 3 crystallite in a silicon photonic resonator to achieve deterministic coupling while preserving good optical coherence of individual Er 3+ ions. Given the already weak optical dephasing, a realistic Purcell enhancement of the Er 3+ emission as demonstrated in [49] will render transform-limited emission from single ions, realizing highly indistinguishable atomic photon sources at the telecom band.
V. CONCLUSION
In this work, we measured spectroscopic properties of polycrystalline Er 3+ :Y 2 O 3 ceramics for use as quantum light-matter interfaces. We achieved the narrowest optical homogeneous linewidth of 580 Hz of rare-earth doped ceramics, and measured a low spectral diffusion of 2.1 kHz over 1 ms along with a spin lifetime of 5 s. We further determine that the dominant decoherence mechanisms to be a combination of elastic TLS, superhyperfine interactions between Er and Y nuclear spins through investigations of field and temperature dependence of the optical homogeneous linewidths as well as spectral diffusions. Our study indicates that transparent Er 3+ :Y 2 O 3 ceramics is an excellent candidate for developing longcoherence quantum interfaces in the technologically important telecom C-band.
